Vacuoles/lysosomes function in endocytosis and in storage and digestion of metabolites. These organelles are inherited by the daughter cells in eukaryotes. However, the mechanisms of this inheritance are poorly understood because the cells contain multiple vacuoles that behave randomly. The primitive red alga Cyanidioschyzon merolae has a minimum set of organelles. Here, we show that C. merolae contains about four vacuoles that are distributed equally between the daughter cells by binding to dividing mitochondria. Binding is mediated by VIG1, a 30-kD coiled-coil protein identified by microarray analyses and immunological assays. VIG1 appears on the surface of free vacuoles in the cytosol and then tethers the vacuoles to the mitochondria. The vacuoles are released from the mitochondrion in the daughter cells following VIG1 digestion. Suppression of VIG1 by antisense RNA disrupted the migration of vacuoles. Thus, VIG1 is essential for tethering vacuoles to mitochondria during vacuole inheritance in C. merolae.
INTRODUCTION
The inheritance of single membrane-bound and DNA-less organelles, such as vacuoles/lysosomes, Golgi bodies, endoplasmic reticulum, and microbodies, as well as double membrane-bound organelles, such as mitochondria and plastids, is an essential feature of eukaryotic cell division. Vacuoles are lytic compartments, function as reservoirs for ions and metabolites, including pigments, and are crucial for detoxification processes and general cell homeostasis (Marty, 1999) . The vacuoles of algae, plants, and yeasts share some of their basic properties with the lysosomes of animal cells (Marty, 1999) . In humans, loss of lysosome function causes lysosomal storage disorders, such as Fabry disease and GM1 gangliosidosis (Futerman and van Meer, 2004) .
In mammals, plants, and yeasts, lysosomes/vacuoles are inherited by the daughter cells (Bergeland et al., 2001; Han et al., 2003; Kutsuna et al., 2003) . In Madin-Darby canine kidney cells, video and confocal microscopy analyses have shown that lysosomes accumulate in the vicinity of the microtubule organization center during cytokinesis and then separate into daughter cells (Bergeland et al., 2001) . In plants, the dynamic changes in vacuoles during mitosis were examined by monitoring the tubular structures of the vacuolar membrane (TVMs) in living transgenic tobacco (Nicotiana tabacum) cultivar Bright Yellow-2 cells stably expressing green fluorescent protein (GFP)-AtVam3p, a fusion protein of GFP with AtVam3p/SYP22, which belongs to the syntaxin family of Arabidopsis thaliana proteins (Kutsuna et al., 2003) . The TVMs, which were initially derived from large vacuoles, elongated to encircle the spindle at metaphase. Subsequently, the TVMs invaded the equatorial region from anaphase to telophase and were divided between the two daughter cells by the cell plate at cytokinesis. Furthermore, actin filaments were indispensable for the development and maintenance of TVMs. However, the underlying molecular mechanisms were not established.
During vacuole inheritance in Saccharomyces cerevisiae, the vacuole forms vesicular-tubular projections known as segregation structures. The segregation structures originate from the vacuole membrane and extend to the daughter bud. This inheritance is based on an actin cable and myosin-V motor protein Myo2 with Vac8 and Vac17 (Han et al., 2003; Weisman, 2006) . The Myo2-Vac8-Vac17 complex drives the segregation structures of the vacuole to the bud along the actin cable. Vac8 is a myristoylated and palmitoylated armadillo repeat-containing protein that binds to the vacuole membrane. Vac17 has a Vac8 binding domain and a Myo2 binding domain and links Vac8-associated vacuoles to Myo2 (Weisman, 2006) .
In the primitive red alga Cyanidioschyzon merolae, the vacuoles are inherited by daughter cells through binding to the dividing mitochondrion regardless of the absence of actin filaments and myosin (Takahashi et al., 1995; Matsuzaki et al., 2004; Yagisawa et al., 2007) . In C. merolae, no functional actin filaments were detected by immunological methods or staining with rhodamine-conjugated phalloidin (Takahashi et al., 1995) . One actin gene is encoded in the C. merolae genome, but not expressed, whereas myosin genes are absent altogether (Matsuzaki et al., 2004) . Therefore, a currently unknown mechanism that does not depend on actin filaments must be involved in vacuole inheritance. C. merolae cells offer many advantages for studies of vacuole inheritance. Each C. merolae cell has a minimum set of organelles comprising one plastid, one mitochondrion, and a few vacuoles (Kuroiwa, 1998; Misumi et al., 2005; Yagisawa et al., 2007) , and organelle divisions can be highly synchronized by a light/dark cycle (Suzuki et al., 1994) . Furthermore, the C. merolae genome has been completely sequenced and is one of the smallest (16.5 Mb) among freeliving eukaryotes, containing the fewest number of genes (Ohta et al., 1998 (Ohta et al., , 2003 Matsuzaki et al., 2004; Nozaki et al., 2007) . Because most of the genes are present in low copy numbers and lack introns, designing oligonucleotide probes for microarrays is simple and easy. Microarray analyses of C. merolae have provided clues to solve biological problems. For example, genomewide microarray analysis of C. merolae cells in a nitrogendepleted condition identified the key nitrogen assimilation genes ) and the mitochondrial division gene ZED ) and was useful for finding the candidate genes for salt tolerance (Sakajiri et al., 2008) . Therefore, we expected that C. merolae might provide a unique tool for resolving the issue of vacuole inheritance. Previously, we conducted microarray analysis to obtain a genome-wide gene expression profile during organelle division and inheritance . In this study, we used the expression profiling data of Fujiwara et al. (2009) together with domain analysis to identify candidate genes with a role in vacuole migration during inheritance and show that one such gene, vacuole inheritance gene1 (vig1), is essential for this process.
RESULTS

Vacuole Inheritance during the Cell Cycle of C. merolae
The cell cycle in C. merolae was synchronized by a 12-h light/ dark cycle, and cells were harvested and observed mainly in the G2 and M phases. To examine the behavior and inheritance of vacuoles during the cell cycle, the vacuole marker V-ATPase (vacuole H + -ATPase) and mitochondrial marker Porin/CMO111C (a mitochondrial outer membrane channel [POR]) of C. merolae were used to generate antibodies. Antisera against POR specifically recognized the ;30-kD band that was the predicted molecular mass of POR (see Supplemental Figure 1 online). Immunofluorescence microscopy using the antibodies against V-ATPase along with the antibodies against POR revealed that vacuoles were distributed in the cytosol during the G1 phase. Vacuoles approached the mitochondrial surface from the cytosol during the S phase (see Supplemental Figure 2 online) and then became bound to the dividing mitochondrion by G2. During the M phase, the vacuoles were inherited by the daughter cells via the binding to the dividing mitochondria. In the early G1 phase, the vacuoles were released from the mitochondrion and returned to the cytosol in the daughter cells ( Figures 1A and 1B) .
Therefore, genes related to vacuole inheritance must be strongly expressed during the G2 and M phases. In C. merolae, the transcriptional and translational levels of ftsZ2 and dnm2, (A) Phase-contrast immunofluorescence images showing behavior of vacuoles during the cell cycle. Vacuoles (red) and mitochondria (yellow) were immunostained by antibodies against V-ATPase and mitochondrial porin, respectively. Cell cycle phases are indicated on images. Bar = 2 mm. (B) Diagrammatic summary of vacuole inheritance in C. merolae. Vacuoles were located around the nucleus in the G1 phase but moved to the mitochondrial surface by G2 and continued to localize there during the M phase. After cytokinesis, vacuoles were released from the mitochondrial surface in the G1 phase of daughter cells. Vacuoles, orange; nucleus, light blue; mitochondria, yellow; plastid, green. Cell cycle phases are indicated under the diagrams. (A) Predicted domain structure of VIG1/CML153C. VIG1 has aN Snf7 domain (black box) and four coiled-coil regions (gray boxes).
(B) Characterization of the affinity-purified antibody against VIG1. Total protein from mitotic cells was separated and immunoblotted using antibody raised against the recombinant VIG1. (C) Protein expression throughout the cell cycle detected with an immunoblot for VIG1. VIG1 showed cell cycle-specific expression and accumulated during the G2 and M phases. Total proteins from cells were harvested at the indicated time after synchronization. which are required for plastid division (Takahara et al., 2000; Miyagishima et al., 2003; Yoshida et al., 2006) , were reported to peak during plastid division in the predicted S and G2 phases (Takahara et al., 2000; Miyagishima et al., 2003) . Therefore, gene expression profiling during the cell cycle is a useful tool to search for genes related to organelle division and inheritance that depend on cell cycle progression. We used microarray data in a previous study ) and performed a preliminary screen to identify candidate genes involved in vacuole inheritance. A previous microarray study analyzed gene expression in the cell cycle of C. merolae and selected 158 genes induced during S and G2-M phases . Within these 158 genes, we searched for candidate genes functioning on the vesicle surface and related to vesicle trafficking by a conserved domain search because filamentous structures linking the vacuolar surface to the mitochondrial surface have been recorded (Yagisawa et al., 2007) . Only one gene, CML153C, was found. CML153C has an Snf7 domain, with an expected value (Ev) of 2e-8 in a conserved domain search (Figure 2A ). The Snf7 superfamily protein CHMP5/MOS10/VPS60 is localized on the Vc, vacuoles to which magnetic beads were bound; Vc-VIG1, vacuoles attached to VIG1 on the beads; Vc-Mb, vacuoles attached to microbodies on the beads. All images were merged with phase-contrast (PC) images. endosome membrane (Kranz et al., 2001) and is suggested to function in protein sorting and transport from the endosomes to the vacuoles/lysosomes (Kranz et al., 2001 ). Therefore, it seemed possible that CML153C had a function related to the migration of the vacuole to the mitochondrial surface. The gene expression profiling showed that the level of CML153C transcripts began to increase in the S phase and peaked mainly in the M phase. ftsZ2 and dnm2 were also periodically expressed during the S and G2 phases, respectively (see Supplemental Figure 3A online). Real-time RT-PCR analysis also supported that CML153C transcripts accumulated during the S and M phases (see Supplemental Figure 3B online). The oscillation of the CML153C transcript level corresponded to the migration of vacuoles to the mitochondria. Therefore, we analyzed the function of CML153C, hereafter named vig1.
VIG1 Is a Coiled-Coil Protein and Is Regulated in Cell Cycle Progression
VIG1 is a predicted coiled-coil protein with no transmembrane domain. Three coiled-coil regions are contained within the Snf7 domain, and one coiled-coil region is found outside the Snf7 domain in the C terminus ( Figure 2A ). Immunoblotting analysis showed that anti-VIG1 antibodies, generated against recombinant VIG1 protein, specifically detected a 35-kD band from the total cell lysate of mitotic cells ( Figure 2B ) and that VIG1 was expressed mainly during the G2 and M phases ( Figure 2C ).
VIG1 Is Localized on the Surface of Vacuoles during Vacuole Inheritance
We used immunofluorescence microscopy with antibodies against VIG1 and V-ATPase to reveal the dynamics of VIG1 during the cell cycle. VIG1 was undetectable in the cell during G1 but began to accumulate at the vacuoles in the cytosol during late S phase. VIG1 and vacuoles migrated to the mitochondrial regions by G2. The localization of VIG1 at the vacuoles on the mitochondria continued during the M phase. In the G1 phase, VIG1 was not detected in the cytosol or around the vacuoles as they released from the mitochondrial region in early G1 (Figure 3A) .
To detect the relationship between VIG1 and the vacuoles among dispersed organelles, we examined smeared cells using immunofluorescence microscopy ( Figure 3B ). A microbody served as a negative control. In C. merolae, a microbody is a single membrane-bound organelle that binds to a mitochondrion VIG1 for Vacuole Inheritanceduring inheritance in a similar way to the vacuoles (Miyagishima et al., 1999a) . Together with the vacuoles, VIG1 mostly peeled from the mitochondrial region in smeared cells (Figure 3Ba ), while the microbody remained at the mitochondrial region ( Figure  3Bb ). Whereas most of the vacuoles overlapped with VIG1 signal, only a small number of the vacuoles overlapped with and/or touched the microbodies (Table 1) . The results showed that VIG1 was colocalized with the vacuoles. To confirm that VIG1 was localized at the juxta-vacuolar region, we immunostained VIG1 in homogenates and isolated vacuoles by immunoprecipitation (IP). The result confirmed that VIG1 was colocalized with the vacuoles (Figure 3Ca ). IP showed that 25% of vacuoles were observed with VIG1, and 3% of vacuoles were with microbodies (Figures 3Cb and 3Cc) .
To test the hypothesis that VIG1 was associated with the vacuoles, immunogold labeling and transmission electron microscopy was used. To avoid the artifacts resulting from the size of gold particles, localization of VIG1 was examined using immunogold labeling with 15-and 10-nm gold particles. The vacuolar membrane protein metallopeptidase, which is localized at the vacuolar boundary, was used as the control ). The distribution of immunogold particles was quantified.
The results using 15-nm gold particles showed that VIG1 was located on the vacuole membrane in the cytosol during S phase as shown in Figure 3A but had an asymmetric distribution (Figures 4A to 4E, Table 2 ). The results using 10-nm gold particles clearly supported the results with the 15-nm gold particles ( Figures 4F to 4H ). Moreover, VIG1 was mostly localized between the vacuoles and the mitochondria when vacuoles were tethered to mitochondria (Figures 4I and 4J, Table 3 Immunogold-labeled VIG1 was localized at patch structures binding to the vacuolar surface (see Supplemental Figure 6B online). These structures localized on one part of the vacuole membrane. This observation corresponded with the transmission electron microscopy observations of the vacuolar surface.
In sum, the immunofluorescence and electron microscopy show that VIG1 is localized at the surface of vacuoles during S and M phases and is mostly localized between the vacuoles and mitochondria when the vacuoles are tethered to mitochondria.
Analysis of Morphological Effects of Downregulation of VIG1 by Antisense RNA
We performed downregulation of VIG1 using antisense RNA (AS RNA) methods to suppress VIG1 selectively. AS RNA hybridizes to mRNA of the target gene and can repress translation (Yin and Ji, 2002) . Transient AS RNA expression is a powerful method to downregulate gene expression in C. merolae ). The vig1 promoter was added upstream of the full-length vig1 AS sequence. Synthetic GFP (sGFP) was added downstream of the AS sequence as a marker for the transcription of exogenous genes. Since no paralog of vig1 was found in the C. merolae genome, vig1 AS should inhibit the translation of vig1 only. This plasmid was named pVAS-GFP ( Figure 5A ). A catalase AS construct was used as a control experiment for the vig1 AS experiment (pI050AS-GFP) (Figure 5A ). The cells were harvested at 24 h after transformation. RT-PCR showed that the exogenous AS RNA of vig1 was transcribed (see Supplemental Figure 7 online).
In cells that were transformed with pI050AS-GFP cells, GFP and VIG1 signals were detected, and the vacuole moved to the mitochondrial region ( Figure 5B, pI050AS-GFP) . By contrast, in the pVAS-GFP cell, the immunostained signal of VIG1 decreased and vacuole migration failed ( Figure 5B ). Since the sGFP sequence linked to the AS of vig1 was not translated to a functional GFP-fused protein, GFP was not immunostained in the pVAS-GFP cell ( Figure 5B , pVAS-GFP). The immunostained-VIG1 signal in pVAS-GFP cells was decreased to 20% of that in pI050AS-GFP cells ( Figure 5C ). In the pVAS-GFP cells, 60 to 79% of vacuoles did not migrate to the mitochondrial region ( Figure 5D ). Therefore, we suggest that VIG1 is essential for tethering vacuoles to mitochondria.
DISCUSSION Vacuole Inheritance by Tethering Vacuoles to Mitochondria
In this study, vacuole movement during inheritance was visualized by immunofluorescence against V-ATPase and POR. The results were consistent with those of Yagisawa et al. (2007) , who used fluorescent probes (e.g., LysoTracker and 4',6-diamidino-2-phenylindole [DAPI]) and electron microscopy. This work provides evidence that vacuoles are inherited by binding to mitochondria in C. merolae. Since C. merolae cells have only a few vacuoles and one mitochondrion, vacuole interaction with the mitochondrion during inheritance was easily observed. It is possible that some of the numerous vacuoles/lysosomes in higher-plant and mammalian cells also interact with mitochondria. If they exist, these interactions would be easy to overlook because these organisms have large or numerous vacuoles/ lysosomes and mitochondria that exhibit random behavior. The fact that lysosomes tend to lie close to mitochondria (Beard and Novikoff, 1969) suggests that vacuoles/lysosomes and mitochondria in higher eukaryotes may also bind to and separate from each other.
Model for VIG1's Role in Vacuole Inheritance in C. merolae
Vacuole migration during inheritance does not dependent on actin in C. merolae (Yagisawa et al., 2007) , and our study shows that VIG1 is essential for vacuole migration. The following model is proposed to explain the role of VIG1 in vacuole inheritance ( Figure 6 ). Immunofluorescent microscopy showed that VIG1 localized at vacuoles before migration to a mitochondrion ( Figure  3A , S phase). Immunoelectron microscopy suggested that VIG1 accumulates in patch structures at the vacuolar surface in the cytosol (Figures 4A to 4H ; see Supplemental Figure 6 online). Furthermore, the AS experiment showed that vacuoles failed to migrate to mitochondria when VIG1 levels decreased ( Figure 5B , pVAS-GFP). These results suggested that VIG1 is needed for transport of the vacuoles ( Figure 6 , S/G2). Subsequently, vacuoles were tethered to mitochondria during the M phase by the structure including VIG1 ( Figure 1A , G2 to telophase; Figure 6 , M). Electron microscopy showed that VIG1 accumulated between the vacuolar surface and the mitochondrial surface (Figures 4I and 4J ). An examination of thin sections of mitotic cells of C. merolae revealed filamentous structures between the vacuoles and mitochondria (Yagisawa et al., 2007) . VIG1 between the vacuoles and mitochondria may correspond to these filamentous structures. In the daughter cell, VIG1 was not detected in the cytosol or at vacuoles released from the mitochondrion ( Figure 3A , lower G1). This suggests that the vacuoles return to the cytosol by the digestion of VIG1 (Figure 6 , early G1). Therefore, VIG1 is a previously undescribed protein that enables vacuoles to be transported by dividing mitochondria during inheritance in C. merolae. Since VIG1 is a predicted soluble protein and does not have a transmembrane region (see Supplemental Figure 8B online), VIG1 probably requires receptors to localize on the vacuolar surface. The asymmetrical pattern of VIG1 localization might be established by an asymmetrical distribution of preexisting receptors localized on the vacuolar surface.
Conservation of VIG1 in Eukaryotes
We searched for a homolog of VIG1 in eukaryotes and found that the CHMP5 proteins have some coiled-coil structures and a similar charge distribution (see Supplemental Figures 8A and 8B online). VIG1 has a weak similarity to CHMP5 of Homo sapiens (Ev, 3e-9; identities, 25%), CHMP5/VPS60/MOP10 of S. cerevisiae (Ev, 4e-7; identities, 25%), the Snf7 family protein of Dictyostelium discoideum (Ev, 9e-7; identities, 24%), and VPS60.2 of Arabidopsis (Ev, 7e-16; identities, 28%) (see Supplemental Figure 8C online). CHMP5 is a subunit of Endosomal Sorting Complex Required for Transport III (Bowers et al., 2004) and functions in multivesicular bodies (MVBs)/endosome sorting to the lysosome/vacuole in the endocytotic pathway (Kranz et al., 2001; Shim et al., 2006) . In yeasts, CHMP5 was detected in a fraction with the endosomal protein Pep12 following fractionation of CHMP5 by density gradient centrifugation (Kranz et al., 2001) . In mice, CHMP5 is essential in the final step of MVB sorting (Shim et al., 2006) . These previous studies suggested that CHMP5 functions on the MVBs/endosome membrane. It has not been reported that CHMP5 is involved in the vacuolar/lysosomal transport to mitochondria. However, similarity of VIG1 to CHMP5 offers suggestions for the design of future studies for vacuole inheritance and the association between vacuoles and mitochondria in higher organisms.
METHODS
Synchronous Culture
Cyanidioschyzon merolae 10D-14 was synchronized according to the method of Suzuki et al. (1994) . Cells were cultured in 23 Allen's medium at pH 2.3 (Allen, 1959) . Flasks were shaken under continuous light (40 W/ m 2 ) at 428C. The cells were subcultured to 10 7 cells/mL and then synchronized by subjecting them to a 12-h-light/12-h-dark cycle at 428C while the medium was aerated.
Amino Acid Sequence Analysis
The amino acid sequences of VIG1 and CHMP5 were obtained from the National Center for Biotechnology Information (NCBI). Coiled-coil regions in protein were predicted by the COILS program (http://www.ch.embnet. org/software/COILS_form.html) (Lupas et al., 1991) . Hydrophobicity (Hopps and Woods program) and charge distribution were analyzed by Genetyx version 6. The amino acid sequences were aligned using the default settings by ClustalX v1.81 (Thompson et al., 1997) .
Antibody Generation and Immunoblotting
To generate an anti-VIG1 antiserum, the coding region for the amino acid sequence of VIG1/CML153C protein was amplified by PCR with the following primers: 59-CGCCGCCGCGGATCCATGTTCTGGAAAAAGAA-GGCACC-39 (BamHI site underlined) and 59-CCCCCCCCCAAGCTTG-ACCGCCATGCTGCGTCTC-39 (HindIII site underlined). To generate an antimitochondrial porin (POR) antiserum, the coding region for the amino acid sequence of POR/CMO111C was amplified by PCR with the following primers: 59-ACATACATGCATGCATGGTGATCAAGCTATTCT-CAAAGC-39 (SphI underlined) and 59-ACGCACGCGTCGACGGCATCG-TATGTCAAAGACAACC-39 (SalI site underlined). After digestion by restriction enzymes, the DNA fragment was cloned into the pQE80 vector (Qiagen) and transformed into the Escherichia coli strain XL1Blue. The recombinant protein was produced as a fusion protein with a 6-his tag at the N terminus and purified using a nickel affinity column. The purified proteins were injected into guinea pigs. The anti-VIG1 antiserum was purified with a 6-his tag fused, VIG1-conjugated, NHS-activated sepharose column (GE Healthcare). Immunoblotting for VIG1 and POR was performed by conventional methods. For immunoblots, C. merolae cells were harvested at each time from initiation of the synchronized culture and lysed in conventional SDS containing sample buffer. Thirty micrograms of proteins of each sample were separated by SDS-PAGE and then were immunoblotted. The primary antisera or antibodies against VIG1 and POR were each used at a dilution of 1:1000. The secondary antibodies and alkaline phosphatase-conjugated goat anti-guinea pig (Kirkegaad and Perry Laboratories) were used at a dilution of 1:3000. The signal was detected by AP conjugate substrate kit (Bio-Rad) and the Printgraph AE-6905H (ATTO).
Real-Time RT-PCR
The details of the RNA isolation procedure, reverse transcription, and real-time PCR are described in the Supplemental Methods online. Expression of vig1 transcripts was normalized by that of ef-1a. This assay was performed in three technical repeats. The primers used in this assay for vig1 were 59-TGCGCCTTGGCTTGGT-39 and 59-GCGTGTTGCCAGTTCCATT-39, and for ef-1a were 59-CCTGGGC-ATCGTGACTTTATC-39 and 59-GGAGACGCAACCACCAAGAT-39.
Fluorescence Microscopy
Cells were harvested during the mitotic phase from synchronized cultures. After fixation (Nishida et al., 2004) and blocking of the cells, vacuoles were stained with an anti-V-ATPase primary antibody at a dilution of 1:100 ) and secondary goat anti-rabbit IgG conjugated with Alexa 488 at a dilution of 1:1000 or Alexa 555 at a dilution of 1:100 (both from Molecular Probes). Mitochondria were stained with anti-POR primary antisera at a dilution of 1:200 and secondary goat anti-rat IgG conjugated with Alexa 555 at a dilution of 1:300. VIG1 was stained with an anti-VIG1 primary antibody at a dilution of 1:200 and secondary goat antiguinea pig IgG conjugated with Alexa 488 at a dilution of 1:100. The microbody was stained with antisera against catalase primary antibody at a dilution of 1:200 and secondary goat anti-rat IgG conjugated with Alexa 488 at a dilution of 1:300 . For the observation of DNA, the cells stained with 1 mg/mL DAPI. Cells were observed using a fluorescence microscope (Olympus BX51) with a combination of narrow band-pass filter sets: BP330-385 BA420 (U-MWUA2; Olympus) for DAPI, BP470-490 BA510-550 (U-MNIBA2; Olympus) for Alexa-488, BP541-551 BA565-595 (XF37; Omega) for Alexa-555, and using a Hg arc lamp as a source of excitation light. Images were collected using a 3CCD camera system (C7780-10; Hamamatsu Photonics) and processed using the M8458-03 RCA-3CCD Photoshop plug-in software. The change of color channels and adjustment of fluorescence and merging of images were performed by Photoshop CS2 (Adobe Systems). The distance between vacuoles and mitochondria was measured by Photoshop CS2, after immunostaining of vacuoles and mitochondria and collecting images by C7780-10.
Vacuole Isolation
For preparation of the smeared cells in which vacuoles separated from the mitochondrial region were observed, the cover glass on top of the immunostained cells was slightly pushed and moved. The isolation of vacuoles was demonstrated as follows. The synchronized culture was harvested at 18 h in the M phase and centrifuged at 1500g for 3 min. The pellet was suspended in a vacuole isolation buffer (20 mM Tris-HCl, pH 7.5, 5 mM EGTA, 2 mM MgCl, 5 mM KCl, and 6% [w/v] sucrose) and then incubated at 428C for 30 min. The cells were mixed with 20% (w/v) maize starch (final concentration) with the protease inhibitor cocktail Complete (Roche, Applied Science), and then the mixture was homogenized by a Dounce homogenizer (Wheaton Industrial). DNase I was added to give a final concentration of 200 g/mL to the lysate, and the mixture was incubated on ice for 30 min. Following centrifugation at 500g for 1 min to remove starch, the lysate was recentrifuged at 500g for 3 min. The supernatant containing vacuoles was centrifuged at 6000g for 3 min. After fixation of the pellet, IP of vacuoles was performed using magnetic Dynabeads M-280 conjugated sheep anti-rabbit IgG (Invitrogen). For IP, the vacuole fraction was mixed with the anti-V-ATPase primary antibody (1:100 dilution) and then with the magnetic bead solution at a dilution of 1:10 for 2 h on ice. Vacuoles were stained with Alexa555-conjugated secondary antibody (1:100 dilutions). VIG1 and microbodies were stained with the anti-VIG1 primary antibody (1:100 dilution) or anticatalase primary antisera (1:200 dilution) and then with Alexa488-conjugated secondary antibody (1:100 dilution).
Electron Microscopy
Transmission electron microscopy was performed as previously described (Miyagishima et al., 2001) . Briefly, a cell pellet was rapidly frozen in liquid propane chilled in liquid nitrogen, transferred to dried acetone containing 1% osmium tetroxide (OsO4) at 2808C, embedded in Spurr's resin, and cut into 90-nm-thick serial thin sections. The sections were immunostained with anti-VIG1 antibody and then with 10-or 15-nm gold particle-conjugated goat anti-guinea pig IgG antibody (Aurion) and stained with uranyl acetate and lead citrate. In the experiments using 10-nm gold particle-conjugated secondary antibodies, primary antibodies were used at a dilution of 1:50 and secondary antibodies were diluted 1:60. In the 15-nm gold particle experiments, both primary and secondary antibodies were used at dilutions of 1:20. To determine the number of immunogold particles per unit area, the area containing the membrane and inner regions of organelles and the cell was measured by HC Image (Hamamatsu Photonics). After the F-test, Welch's t test was calculated by Excel 2007 (Microsoft). Antimetallopeptidase antibody was previously prepared ). For immunoelectron microscopy of metallopeptidase, the sections were immunostained with antimetallopeptidase antibody at a dilution of 1:50 and then with 10-nm gold particle-conjugated goat anti-rat IgG antibody at a dilution of 1:60 .
The isolation of the plastid accompanied with vacuoles was performed according to the methods of plastid isolation described (Miyagishima et al., 1999b) . The complex was immunostained with anti-VIG1 antibodies at a dilution of 1:20, followed by 15-nm gold particle-conjugated goat anti-guinea pig IgG at a dilution of 1:20, and then stained with 0.5% phosphotungstic acid, pH 7.0. Images were captured with conventional film or using a super coolscan 9000 ED (Nikon) and digitally processed. Sections and sample were examined with a JEM-1200EX electron microscope (JEOL).
Transient Gene Expression
To make pVAS-GFP, the 59-flanking region (970 bp) was amplified with the primer sets 59-CCCCCCAAGCTTCGAAAACGTTCGTCGACAAG-39 and 59-CGCCGCGGATCCATCGAACAATGTTTGTTACCGCC-39 (HindIII and BamHI sites underlined). The antisense sequence of vig1 was amplified with primer sets 59-CATGCATGCCATGGCATGTTCTGGAAAAA-GAAGGCAC-39 and 59-CGCCGCGGATCCGACCGCCATGCTGCGTC-39 (NcoI and BamHI sites underlined). The 59-flanking region was cloned into pTH2 (Niwa et al., 1999) , followed by cloning of the antisense sequence. pI050AS-GFP was previously prepared ). The transformation of C. merolae cells was performed according to Ohnuma's methods (Ohnuma et al., 2008) . After adding 20 mg of plasmid DNA in 200 mL of MA-I (Modified Allen's medium-I) to 50 mL of cell suspension, 250 mL of 60% (w/v) polyethylene glycol solution was added to the mixture to make a 30% polyethylene glycol concentration and then incubated at 408C. After cultivation for 24 h, the cells were collected for RT-PCR and immunofluorescence microscopy. For the RT-PCR assay, extraction of total RNA and cDNA synthesis was performed by conventional methods ). RT-PCR primers for the antisense regions were previously described in antibody generation of VIG1. The primer sequence for the sGFP region was 59-TAGGTGGCATCGCCCTCGCG-39. After fixation, the cells transformed with pI050AS-GFP or pVAS-GFP were immunostained with primary mouse anti-GFP monoclonal antibody (Clontech) at a dilution of 1:100, secondary goat anti-mouse IgG conjugated with Alexa 350 (1:1000 dilution), primary rabbit anti-V-ATPase antibodies (1:200 dilution), secondary goat anti-rabbit IgG conjugated with Alexa 555 (1:200 dilution), primary guinea pig anti-VIG1 antibodies (1:200 dilution), and secondary goat anti-guinea pig IgG conjugated with Alexa 488 (1:300 dilution). Measurement of immunostained VIG1 signal was performed by HCImage (Hamamatsu Photonics). The density of the signal intensity in cytosol area was measured in pI050AS-GFP cells and pVAS-GFP cells. Those intensities were normalized with that of nontransformed cells in each experiment.
Accession Numbers
The VIG1 sequence has been submitted to the DNA Data Bank of Japan (http://www.ddbj.nig.ac.jp/index-j.html) under accession number AB332236. The amino acid sequences and CHMP5 were obtained from the NCBI. The accession numbers are as follows: H. sapiens, AAH21168; S. cerevisiae, AAB64922; D. discoideum, XP636927; and Arabidopsis, AAN13183. The genes of C. merolae in this work can be found in the Cyanidioschyzon merolae Genome Project (http://merolae.biol.s. u-tokyo.ac.jp/) under the following accession numbers: catalase, CMI050C; V-ATPase, CMS342C; POR, CMO111C; metallopeptidase, CMP249C; and EF-1a, CMH226C. The microarray data were from the Gene Expression Omnibus (GPL5399; http://www.ncbi.nlm.nih.gov/geo/). 
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